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Absolute.  Calibration  of  Referency  Hydrophones 
- in  the  Audio  Frequency  Ranee 


By  A.  N.  Golenkov  and  L.  Ye.  Pavlov 

Source:  Izmeritel 'naya  Tekhnika  (Measurements 
^Technology),  No.  5,  1967.  pp  44-49 

"  CsC\ 

Until  now,  underwater  acoustic  measurement  technology 
lacked  a  satisfactory  and  simple  method  for  the  absolute 
calibration  of  hydrophones  in  the  low  and  medium  audio 
frequencies  (500  Hz  to  5  kHz).  ( 

In  the  frequency  area  abev^f  5  kHz,  the  reciprority 
method  (1,2)  is  used  for  planar  and  spherical  waves?  and, 
for  frequencies  below  300-500  Mz,  electro-dynamic  compensation 
method  (3,4)  is  used.  These  methods  provide  a  high  order  of 

accurate  hydrophone  calibration. 

* 

Unpredictable  pressure  effects  cause  difficulties  in 
hydrophone  calibration  at  the  intermediate  frequencies  of 
500  Hz  -  5  kHz  and  also  acoustic  field  problems  appear  at 
the  higher  frequencies.  The  properties  of  the  water  medium, 
primarily  as  these  define  the  relationship  of  the  dimensions 


1 


of  the  transducers  to  the  wave  length,  impose  a  serious 
limitation  on  the  use  of  established  methods  for  calibrating 
hydrophones  at  the  low  and  medium  audio  frequencies. 

The  comparitively  small  dimensions  and  the  symmetry  of 
their  design,  that  commonly  characterizes  modern  reference 
hydrophones,  results  in  a  lack  of  directivity  at  these 
frequencies  and  makes  it  more  expedient  to  do  a  pressure- 
type  calibration,  the  more  so,  since  it  is  difficult  to 
attain  free  field  conditions  at  frequencies  below  5  kHz. 

The  electro-dynamic  compensation  method  in  which  the 
opposing  electro-dynamic  force  on  the  diaphragm  of  an  electro¬ 
dynamic  transducer  serves  as  the  calibration  characteristic, 
is  not  practical  for  frequencies  above  500  Hz  because  there 
is  a  rapid  rise  in  the  diaphragm's  inertial  impedance  with 
increase  in  frequency,  and  a  corresponding  degradation  in 
the  signal-to-noise  ratio. 

An  attempt  to  use  electro-dynamic  forces  for  calibrating 
a  small-dimensioned  hydrophone  at  the  higher  frequencies,  in 
our  opinion,  forgoes  the  major  advantages  of  electro-dynamic 
compensation  and  it  is  technically  a  complex  matter. 
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A  search  for  a  uniform,  simple  a„a  highly  accurate 

m6th0d  °f  °aUbratin9  the  authors  to  develop 

-e  null  method.  the  haalo  concept  of  which  Is  analogs  to 

the  electro-dynamic  compensation  method,  hut  suitable  for 
use  at  the  mid-audio  frequencies. 

The  6SSenCS  °f  thiS  lies  in  the  fact  that  the 

oscillations  of  a  piezo-electric  surface  • 

c  surface,  m  response  to 

sound  waves  in  water,  are  inhibited  by  the  piezo-electric 
forces  (at  an  audio  rate,  which  are  excited  on  that  surface 
hy  applylng  an  exterior  voltage  to  it. 

The  instant  Mien  the  piezo  surface  is  Mobile  (nulled, 
— n  subjected  to  the  simultaneous  action  of  an  exterior 
sound  field  and  the  internal  piezo-electric  forces-the 
ompensation  interval-must  be  measured  by  a  sensitive 
instrument  that  measures  the  oscillatory  displacements  of 
the  hydrophone's  surface. 

A  cylindrical^  -  configured  hydrophone,  ■  the  two  end 
surfaces  of  which 

hich  are  not  restrained,  experiences  radial 

displacements  of  its  — 

P  “  Ceramic  sut'face  under  the  action 

sound  waves  applied  ,•  + 

PPlied  to  its  outer  surface,  and  this  is 
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expressed  in  the  equation  for  in  inverse  piezo-effect  (6) : 


where  0  =  is  the  mechanical  stress  in  the  surface  developed 
by  the  applied  sound  energy;  e  —  is  the  modulus  of  elasticity? 
uk  **  ls  the  electrical  voltage  on  its  surface?  =  is  the 
thickness  of  the  piezo-ceramic  wall?  fi  -  is  the  piezo-electric 
modulus. 

Prom  (1)  it  can  be  seen  that  by  selecting  the  proper 
sign  and  magnitude  for  U^,  the  displacement  can  be  made  zero. 

The  mechanical  stress  >.  in  the  walls  of  the  hydrophone 
is  proportional  to  the  mechanical  transformation  ratio  r/a 
(r  -  is  the  radius  of  the  cylinder),  and  therefore: 

r 

o*=  p, 

o 

where  p  -  is  the  sound  pressure. 

At  compensation  -  the  null  (  5;0  )  from  (1)  we  have 

— —  M.'iit  p  «*=  UK*=  MUk. 

*  '  (2) 

Equation  (2)  is  the  equation  for  the  hydrophone  calibration 
method  which  we  have  termed  the  piezo-electric  compensation 
method.  it  shows  that  at  the  instant  of  compensation,  sound 
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pressure  p,  which  is  exerted  on  the  surface,  has  a  voltage 
proportional  to  the  compensation  applied  at  the  electrodes. 

Thus,  the  instant  of  compensation  is  determined  by 
selecting  the  appropriate  phase  and  amplitude  for  this 
voltage  from  an  exterior  powei  supply. 

As  evident  from  equation  (2),  the  proportionality 
coefficient,  M  is  not  dependent  on  frequency,  and  assumes 
the  character  of  a  constant  for  a  given  model  of  transducer 
that  may  be  under  calibration  by  the  compensation  method. 

This  constant  can  be  determined  by  an  independent 
process.  A  compensated  transducer  is  used  when  calibrating 
hydrophones.  A  calibrated  hydrophone  is  placed  close  to  the 
compensating  transducer,  and  if  the  acoustic  impedance  of  the 
calibrated  hydrophone  at  the  instant  of  compensation  is 
sufficiently  large,  then  its  sensitivity  is  determined  by 
the  formula:  E  =  §  =  (3) 

where  U  -  is  the  output  voltage  of  the  calibrated 
hydrophone . 
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The  compensating  transducer  consists  of  two  radially- 
polarized  cylinders  1  and  3  (Fig.  1), 


mounted  coaxially.  The  space  2  between  the  cylinders  is 
filled  with  an  acoustically  stable  material.  The  cylinders' 
external  electrodes  are  connected  to  the  housing  and  grounded. 
The  cylinders  bear  on  gaskets  5  and  the  cylinders  are  installed 
between  the  upper  and  lower  flanges  of  the  housing  4.  These 
gaskets  provide  a  hermetic  seal,  an  acoustic  de-coupling  of 
the  cylinders  from  oscillations  of  the  housing,  and  a 
safeguard  for  the  ends  of  the  cylinders  against  their 
excitations  by  sound  pressure. 
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One  of  these  piezo-ceramic  cylindrical  transducers  is 
the  null  unit  (the  outer  one  in  Fig.  1),  which  compensates 
the  sound  pressure  when  a  compensation  voltage  is  applied 
to  its  surface;  and  the  second  cylinder  acts  as  the  null- 
indicator's  sensitive  element  which  senses  the  instant  of 
compensation  as  evidenced  by  the  dynamic  equilibrium  between 
sound  pressure  and  the  piezo-electric  effect. 

The  compensating  transducer  operates  in  the  following 
manner.  The  sound  pressure  waves  that  impinge  on  the  null 
unit  are  conducted  through  the  adjacent  acoustically-stable 
material  to  the  sensing  element  of  the  null  indicator;  and, 
consequently  an  electric  voltage  is  impressed  across  the 
electrodes  of  the  null-indicator  that  represents  the 
oscillations  of  its  inner  surface.  Proportionate  to  the 
value  of  the  input  compensating  voltage  on  the  null  units' 
surface,  this  signal  lowers  in  value,  and  when  the  instant 
of  compensation  is  reached,  it  becomes  zero,  and  thus 
satisfies  the  conditions  for  the  piezo-electric  compensation 
method . 
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The  equivalent  electric  circuit  of  the  compensating 

transducer  is  seen  in  Pig.  2. 

*>,  ft  ?  to  to  ? 


S)nu. 


Our.  2 


Here  im“<*ip« 


and  /Mj-ojpj 


are  the  distributed  masses 


of  the  inner  and  outer  piezo-cylinders?  respectively: 

&lti  and  are  their  elasticities  (r  is  the  average 

radius,  p-is  the  density)  ?  is  the  mass  of  the 

im¬ 
material  separating  the  piezo-cylinders,  fl~— —  anc 


«i  •«* 
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are  the  elasticities  of  that  material. 


When  filling  the  cavity  between  the  two  cylinders  with  a 
rigid  material  one  may  neglect  eleasticity  G,  which  determines 
the  deformations  in  the  width  dimension,  but  when  filling 
the  cavity  with  a  fluid,  one  must  exclude  the  elasticity 
expression  g3  from  the  circuit. 

In  our  set  up,  we  filled  the  cavity  with  an  epoxy 
compound  that  had  mechanical  characteristics  mid  way  between 
a  solid  and  a  fluid,  and  it  was  necessary  to  calculate  both 
elasticities. 
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As  seen  in  the  equivalent  circuit  diagram,  the 
compensation  condition  is  attained  independent  of  frequency 
«nd  the  values  of  the  circuit  parameters.  In  the  fabrication 
of  the  transducers  measures  were  taken  to  reduce  the  influence 
of  longitudnal  stresses  of  the  null-unit  which  are  determined 
by  the  piezo  modulus  on  the  e.m.f.  of  the  null 

indicator  (when  the  cavity  is  filled  with  a  fluid,  the 
utility  of  such  measures  is  superfulous. ) 

It  is  to  be  noted,  that  at  a  finite  wall  thickness  a, 
of  the  null  unit,  the  expression  for  the  constant  M  (of 
the  compensation  transducer)  is  made  complex.  Physically, 
this  is  due  to  the  fact  that  when  a  thick  wall  is  used,  the 
inner  and  outer  surfaces  of  the  null  unit  oscillate  non- 
uniformly:  when  one  surface  or  the  other  is  at  rest,  the 
other  still  makes  minor  oscillations  because  its  absolute 
displacements  depend  on  all  three  piezo-moduluses,  c,„ 
and  flu  affecting  its  surface. 

Assuming  that  the  surface  at  rest  is  the  piezo  ceramic 
surface  adjacent  to  the  sound  conducting  material  in  the 
cavity,  calculations  lead  to  the  following  dependency  for 
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the  constant  M  relative  to  the  thickness  of  the  wall: 

+  v)]* 

where  Aft  =  ;  v—  is  Poisson's  Ratio. 

This  formula  shows  that  the  surface  on  which  the 
sound  pressure  acts  directly  will  remain  somewhat  dampened. 
This,  strictly  speaking,  lowers  the  acoustic  impedance  of 
the  compensating  transducer. 

The  wall  thickness  of  the  null  unit  must  be  adequately 

thin.  Our  set  up  observed  the  relationship  -1-  <  4  ■  io~8. 

r»  .... 

The  Experimental  Set-up.  Calibration  of  hydrophones 
by  the  piezo-electric  compensation  method  was  carried  out 
in  a  small  tank  filled  with  water.  The  sound  waves  in  the 
water  were  generated  by  a  piezo-ceramic  transducer. 

Using. a  compensation  transducer  of  the  type  described, 
we  restricted  its  use  to  the  calibration  range  of  1-500  Hz. 

In  the  higher  frequency  area,  we  used  an  inverted 
compensation  transducer  which  gives  the  greatest  practical 
resolution  of  waves  in  a  small  tank's  working  cavity. 
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In  this  variant,  the  compensation  transducer  in  an 
integral  part  of  the  measuring  tank:  the  walls  of  the  null 
unit  form  its  lateral  surface,  and  the  inner  piezo-ceramic 
cylinder  is  the  sensing  element  of  the  null  indicator. 

The  transducer,  producing  the  sound  pressure,  is 
installed  in  the  sturdy  tank  mounting  frame  thus  providing 
the  desired  grounding  of  the  un-grounded  (inner)  surfaces 
of  the  null  indicator.  The  hydrophone  to  be  calibrated  is 
secured  in  the  opening  located  in  the  middle  of  the  tank 
cover.  The  cover  rests  on  a  resilent  seal  and  covers  the 
piezo-ceramic  cylinders  and  hermetically  seals  the  inner 
cavity  of  the  measuring  tank. 

The  linear  dimensions  of  the  tank  are  calculated  by 
a  well-known  formula  (7)  so  that  the  radial  resonant  point 
of  the  working  cavity  was  always  higher  than  the  longitudinal. 

Relative  to  the  vertical  dimension  of  the  tank,  a  test 
showed  that  the  distribution  of  pressure  (which  occurs  with 
increase  of  frequency)  turns  out  to  be  practically  negligible 
for  frequencies  up  to  ~0.i fi¬ 


ll 


For  calibration  of  hydrophones  at  the  higher  frequencies, 
it  is  necessary  to  take  into  account  non-uniformities  in 
sound  pressure  along  the  longitudinal  plane  of  the  tank. 

The  sound  pressure  distribution  curve  has  a  symmetrical 
character  which  permits  one  to  execute  a  calibration  of  those 
hydrophones  that  have  a  symmetrical-type  construction,  and 
which  may  occupy  a  substantial  volume  of  the  measuring  tank, 
provided  that  the  compensating  transducer  and  calibrated 
hydrophone  have  coincident  planes  of  acoustic  symmetry.^ 

The  fact  is  that  the  compensating  transducer  measures 
the  average  value  acting  on  the  surface  of  the  null  unit, 
and  its  sensitivity  to  the  pressure  gradient  is  extremely 
little. 

If,  as  it  commonly  happens,  a  non-directional  hydrophone 
exhibits  the  very  same  integrating  characteristics,  then  one 
may  execute  a  calibration  under  conditions  of  a  variable 
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1.  That  which  we  term  the  plane  of  acoustic  symmetry  of  the 
inverted  compensating  transducer  or  the  hydrophone  is 
that  plane  in  which  all  possible  sound  pressure  deviations 
from  the  average  value  are  equalized. 


distribution  up  to  about  0.8  |.  ,  when,  strictly  speaking, 

the  tank  seems  too  small. 

A  barrier  of  transparent  organic-glass  installed  on  the 
tank  cover,  provides  a  hermetical  seal  for  the  measuring  tanks 
working  cavity  under  a  free  water  surface.  This  simple 
arrangement  permits  filling  up  the  cavity  with  water  that 
is  free  of  air  bubbles,  which  is  a  pre-requisite  for  proper 
functioning  of  the  calibration  device. 

Our  test  showed  that  the  constructional  mechanical 
resonances  of  the  system  can  be  shifted  beyond  the  working 
frequency  range  up  through  5  kHz. 

A  bloc  diagram  of  the  calibration  device  is  seen  in 
Figure  3.  The  hydro-acoustic  part  of  it  is  represented  by 
the  measuring  tank  1,  described  above. 


The  sound  pressure  in  the  tank  is  generated  by  the 
piezo-ceramic  projector  3,  fed  from  a  sine  wave  generator  2. 

From  this  generator#  through  a  phase-inverter  4,  the  compensation 
voltage  Uk  appears  at  the  null  unit's  compensating  tranducer,  5. 
The  voltage  taken  from  the  terminals  of  the  null  indicator's 
sensing  element  through  amplifier  6,  is  presented  on  an 
oscilliscope  7  which  serves  as  a  visual  indicator  of  the 
instant  of  compensation  as  evidenced  by  the  disappearance 
of  the  sinusoidal  signal. 

The  calibration  device  provides  direct  measurement 
of  the  sensitivity  of  hydrophone  under  calibration,  r  , 

(at  the  instant  of  compensation)  using  the  readings  of 
attenuator, 8  which  is  calibrated  in  units  of  sensitivity. 

E  =  —  .  — 

M  Uk 

This  attenuator  measures  the  ratio  of  voltages  — 

Uk 

with  the  scale  calculation  jj.  To  do  this,  the  attenuator 
is  equipped  with  an  accessory  voltage  divider  formed  by 
resistance  R  and  the  input  resistance  of  the  attenuator. 
Resistance  R  is  selected  according  to  the  size  of  M  for  a 
given  tank  size,  so  that  when  the  output  voltages  of  the 
hydrophone  under  calibration  and  of  the  attenuator  are  equal, 


the  dial  reading  of  the  latter  reads  the  sensitivity. 

The  conjunction  of  the  output  voltages  is  indicated 
visually  on  the  oscillograph  11  when  they  are.  alternately 
fed  to  it  through  switch,  9  and  pre-amplifier,  10. 

The  output  voltage  of  the  hydrophone  under  calibration 
is  recorded,  and  then,  via  the  attenuator  at  the  oscillograph, 
the  very  same  voltage  is  used  to  ascertain  the  hydrophone’s 
sensitivity. 

The  high  input  impedance  (not  less  than  300  megohms)  of 
the  input  amplifiers  allows  one  to  measure  sensitivity  over 
the  frequency  range  1  Hz  to  5  kHz  for  the  great  majority  of 

piezo-ceramic  hydrophones,  and  practically  irrespective  of 
their  loading. 

Basic  Test  Results.  Evaluation  of  Accuracy 
The  experimental  determination  of  the  compensating  transducer’s 
M  constant  is  fundamental  to  the  piezo-electric  compensation 
method. 

The  constant  expresses  the  relationship  of  the  pressure 
p  to  the  voltage  required  to  compensate  this  pressure;  that 

pO 

is:  m  =  — 0  ,  and  it  is  established  by  the  characteristics  of 
k 

the  piezo-material  and  by  the  design  of  the  transducer  - 
independent  of  frequency. 
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In  principle,  M  can  be  determined  in  the  static  mode, 
but  it  is  better,  with  piezc-electric  transducers,  to  assign 
a  variable  pressure  p°. 


For  this,  we  used  a  modified  hydrostatic  environment  (8) 
in  which  a  periodically  varying  level  of  a  free  water  surface 
creates  a  varying  hydrostatic  pressure  in  the  water. 

The  cavity  of  the  measuring  tank  1  (Fig.  4),  is  joined 
by  a  flexible  tube,  2,  to  an  auxiliary  open  vessel,  3,  which 
is  fitted  to  a  vibration  table,  4,  that  generates  sinusoidal 
oscillations  which  act  vertically.  The  entire  system  is  filled 
with  water  and  the  initial  hydrostatic  pressure  is  determined 
by  position  of  the  free  meniscus*  in  the  open  vessel.  The 
hydrostatic  pressure  p°  =  pghsinwt  is  changed  at  a  rate 
proportional  to  the  oscillatory  displacement  of  the  free 
water  surface;  wher;  p-is  the  water  density;  g-force  of 
gravity;  *h-amplitude  of  the  oscillatory  displacement. 


•  Owr.  4 


*  2“  CU"ed  “pp#r  •urface  of  a  liquid  column,  concave  when 
the  walls  are  wetted  by  the  liquid  and  convex  when  not. 


Selection  of  an  adequately  low  (0.3  -  0.4  Hz)  oscillating 
frequency  for  the  vibration  table  made  it  possible  to  disregard 
the  inertial  forces  acting  in  the  oscillating  liquid.  This 
was  due  to  the  trifling  oscillatory  accellerations  associated 
with  such  a  low  frequency. 

The  amplitude  h  of  the  oscillations  in  our  measurements 
were  2  centimeters,  and,  consequently,  Af»=  «=  «/**. 

The  compensation  voltage  U°  was  measured  by  a  high-quality 
voltmeter.  Experience  showed  that,  when  using  the  hydrostatic 
system,  the  error  in  determining  M  is  a  fraction  of  one 
percent  and  can  be  regarded  as  a  constituent  of  the  systematic 
error  of  the  calibration  device. 

In  this  connection,  it  is  of  interest  to  note  that 
repeated  measurements  of  M,  carried  out  over  a  year's  time, 
gave  a  variation  in  magnitude  within  limits  of  1%  which 
indicates  a  high  stability  with  respect  to  time.  In  the 
event  that  a  piezo-ceramic  is  used  in  the  null  unit,  the 
characteristics  of  which  are  temperature  -  dependent,  the 
calibration  of  the  hydrophone  by  the  piezo-electric  compensation 
method  has  to  be  carried  out  at  that  water  temperature  at 
which  the  M  constant  was  determined. 
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The  tank  described  was  made  with  a  temperature- 
stabilized  ceramic,  and  gave  an  M  =  I85>7***1. 

The  dimensions  of  the  inner  cavity  of  this  measuring 
t^nk  (diameter  -  78  mm;  height  105  mm)  allowed  us  to  calibrate 
non-direc tional  hydrophones  in  it  which  have  dimensions  not 
exceeding  50  mm,  and  at  frequencies  up  to  5  kHz. 

The  vibration  dampening  gaskets  on  the  butt  ends  of  the 
piezo-ceramic  unit  gave  practically  complete  "de-coupling"  of 
the  hydrophone  under  calibration  from  the  oscillations  of  the 
compensating  transducer  (the  walls  of  the  chamber).  This  was 
checked  without  water,  and  when  an  alternating  voltage  was 
fed  to  the  exciter  (to  100  db)  and  to  the  terminals  of  the 
null  unit  (to  10  db) ,  there  was  no  signal  from  the  hydrophone. 

In  the  working  band  of  frequencies,  the  compensating  voltage 
was  several  volts.  * 

Use  of  the  mechanism  of  piezo-effect  is  realized  by  the 
exceptionally  high  sensitivity  to  deformation  of  the  compensating 

transducer,  however,  its  sensitivity  to  pressure  lay  in  the 

area  20— 60“—-. 

.  k/*5  , 
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At  frequencies  above  1  kHz,  it  is  necessary  to  satisfy 
the  theoretical  prerequisites,  related  to  the  sound  field  in 
a  tank,  which  would  satisfy  the  tole'rance  for  hydrophone 
calibrations  under  conditions  of  possible  variations  in 
sound  pressure  along  the  length  of  the  tank. 
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Using  a  miniature  spherical  hydrophone  of  a  known  constant 
sensitivity,  the  relative  change  of  pressure  was  measured  when 
the  hydrophone  was  positioned  at  various  points  along  the 
length  of  the  tank  and  at  frequencies  of  1,2, 3, 4, 4. 5  and  5  kHz. 
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The  experimental  curves,  thus  obtained  for  the 
distribution  of  sound  pressure  along  the  tank  length  are 
shown  in  Fig.  5.  Along  the  vertical  axis  are.  laid  out  the 
measured  values  of  pressure,  and  along  the  horizontal  axis,  the 
position  of  the  miniature  hydrophone  relative  to  the  plane 
Of  acoustic  symmetry  of  the  tank. 

These  curves,  for  frequencies  to  5  kHz,  agree  well 
with  the  calculated  values,  and  their  relatively  good  symmetry 
is  such  that  one  may  practically  view  non-uniformities  as 
cancelled  out  by  the  sound  pressure  distribution  on  the  surface 
of  a  hydrophone  of  comparitively  large  dimensions. 

In  Fig.  6  is  presented  the  frequency  dependency  of  a 
sound  pressure  p  ,  generated  in  the  measuring  tank.  Using 
the  compensating  transducer  and  with  a  constant  voltage  on 
the  generator  terminals,  the  measured  sound  pressure  level 
varies  substantially  depending  on  the  frequency  of  excitation. 

However,  at  the  hydrophone  sensitivity  E,  it  remains 
linear  which  indicates  the  measuring  accuracy  of  the  piezo¬ 
electric  compensation  method,  in  spite  of  the  change  in 
magnitude  of  the  sound  pressure. 


Evaluation  of  the  system  error  was  determined 
experimentally  by  numerous  hydrophone  calibrations.  They 
indicate  a  high  reproducibility  of  measured  data. 

As  an  example,  in  the  upper  portion  of  Pig.  7  is  shown 
the  frequency  characteristic  of  sensitivity  of  a  spherical 
hydrophone  made  of.  barium  titanate  and  having  a  diameter 
of  50  mm.  Each  point  on  the  graph  represents  an  average 
of  ten  measurements.  The  maximum  deviation  of  the  values 
at  individual  fixed  frequencies  over  the  band  1  Hz  to  5  kHz 
was  0.8  db;  the  r.m.s.  error  of  the  series  of  measurements 
lay  v/ithin  3%. 

In  the  lower  portion  of  the  graph  is  shown  the  frequency 
characteristics  of  sensitivity  for  a  piezo-ceramic  hydrophone 
of  a  cylindrical  configuration  (diameter  12  mm,  height  22mm) . 

In  the  spectrum  20-30  Hz  the  calibration  points  (indicated 
by  "x's"  over  the  little  circles)  were  done  by  the  piezo¬ 
electric  compensation  method  in  a  water-filled  steel  tank 

(diameter  150  mm,  length  200  mm)  using  a  compensating' 

h/m j 

transducer  (with  a  constant  !57,5  — ^  ,  installed  as  a 

separate  component  (see  Fig.  7).  In  the  spectrum  20  Hz  -  5  kHz 
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the  calibration  was  done  by  the  piezo-electric  compensation 
method  in  a  tank  with  an  inverted  compensating  transducer 
(diameter  78  mm,  length  105  mm,  Af — 1S5.7  -  ) 

In  spite  of  the  fact  that  the  two  test  devices  substantially 
differed  in  the  constructional  features  of  their  respective 
tanks,  in  their  compensating  transducers,  and  also  in  certain 
instrumentation  (in  this  sense,  they  c?n  be  regarded  as 
independent) ,  the  calibration  results  in  both  devices  were 
practically  the  same  (within  3%) . 

The  good  agreement  indicates  the  accuracy  of  measuring 
sensitivity  by  the  piezo-electric  compensation  method. 

At  the  upper  end  of  the  frequency  spectrum  the  calibration 
data,  using  the  piezo-electric  compensation  method,  agrees 
(within  0.5  db)  with  that  obtained  independently  on  a  non- 
directional  hydrophone  using  the  free-field  reciprocity  method. 

Calibration  of  non-directional  hydrophones  with  dimensions 
less  than  10  mm,  using  the  piezo-electric  compensation  method, 
was  carried  out  at  frequencies  up  to  23  kllz.  In  several  areas 
of  the  frequency  spectrum  above  5  kHz,  the  measurements  were 
complicated  by  mechanical  structural  resonances  of  the  measuring 
tank  at  frequencies  which  corresponded  to  the  anomalies  noted 
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in  the  frequency  characteristics  of  the  hydrophone  under 
calibration. 
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A6coniD7Han  rpc^ywpoBxa  HSMepiiTenbMbix  r!4£?ocbo;!C3 
b  flncina£o>;e  33y::oBbix  Macro? 


A.  H.  rOJIEHKOB  u  Jl.  E.  nABJIOB 

B  npaxTKK f  nupoaKycraqecxHx  HaaepeHiiA  ao  chx  nop 
OTcyTcrsyeT  yAofiHufi  h  AociaroMHo  npociofi  ueroa  aGco- 
.‘NorKofi  rpaayiipoiiKi!  nupo<J>oH03  b  AHanvc'-se  h;!3ksix 
h  cpe.luHX  3By kobux  qacror  {500  itf  —  5  Kit]). 

B  Aiiana3one  i  a  error  sume  5  Kitf  npiiMenaercH  kbtoa 
MaKKHocTH  [1,  2]  b  none  n.iocKiix  hah  c$eptiqecKiix  bcah. 
a  «  iBcrorax  HHjxe  300—500  it]  —  weroa  B.icKrpoanna- 
Muqecxofi  KoMnencauiiH  (3,  4],  ofiecneqsisaioaiift  Bbicoxyio 

TOBHOCtb  riUpo4>OHOB. 

Ha  npowe^yroqiiux  qacTOTax  500  i‘-{  —  5  Kiij  buab.isiot- 
ca  TpyaHOOTit  npii  rpaAyHpoBxe  rttApo$oiio3  eno  aaB.re- 
hmk5»  b  Aiiana30iie  j::«3xsix  qacTOT.  a  Taxixe  h  <no  norm 
•Ka  Corse  bucoxhx  qaerorax.  ycroBHn  cpeAu,  onpeAerse- 
uue  npc>KAe  ncero  cooTHomemieM  pa3Mepca  npeoCpaaoaa- 
t eneft  3Byica  h  Armiofl  3ayKOBo"i  bo.ihh,  iiaiuiaauB3iOT  cy- 
mecTBeHHoe  orpaHiiqeiiiie  npn.M cireunro  h3bccthux  mctoaob 
rpaAycpoBKH  nupoipoiioa  b  Ati3na30He  Hiiaxiix  ii  cpejiiux 
3ByKOBU.\  qacTOT. 

CpaBHiiTeabiio  iieSorbiuire  paavepu  cospexieiiHbix  i;3mc- 
pHTe.ibHux  riupo<})oiio3,  HMeiomiix  ofibiqi;o  ciiMMetpnq- 
Hyio  KOHcTpyKmiK),  cfiecneqiiaaiOT  orcyrcraiie  Hanpaareii- 
hocth  Ha  3tmx  qacTOTax  :i  Aerator  uenecooCpaaitiiM  npo- 
aeaeHHe  iix  rpaayapoaKi:  no  aanreir.no.  tcm  Coree.  qro 
pca.rii30BaTb  ycAonnn  cboCoahoto  nom  na  qaerarax  mnxe 
5  KlU  3aTpVAHilTC.lbHO. 

MeTOA  s.ieKTpoAiiHavHqecKoft  xoMneHcaumi,  b  xoropoM 
ycroBim  rpaAyiipoaKii  oCccneqiisaiOTcn  npii  KOMn.'iic.itimi 
3ByKoBoro  AaB-ieHim  npOTiiDoaasreiiiieM  arescrpoAiiHiiMii- 
qeCKiix  qua  Ha  Me.xiCpaHe  BreKTpoaaiiaMHqecKOro  npeofi- 
pa30BaTeA.q,  npaKruqecxii  He  mokct  CbtTb  iiciiorbsoaan  H3 
qacTOTax  stnue  500  m  in-3a  6ucTporo  pocTa  iiHcpmioH- 
Horo  conpoTiiB.ieHHa  Ms.vSpaiiu  c  noDbiuieHiiexi  qacTorw 
n  cooTBCTCTByiomero  yxvAuieHiin  oTiiouieiififl  ciirna.i  — 
uiyxi. 

IlonbiTKa  «cno.ib30Baib  jrexTpoAHHaMiiqecxiie  cu.m  an* 
rpaAynpoDKii  Mumianopnoro  o6pa3«08oro  riiApoipona  H3 
Cores  bucokkx  qaeioTax,  CACTatiiiaa  a  [5],  no  iiawc-iy 
MHciiHio,  TepHer  Baixiiue  npeiiMyuu'CTB.i  Meroaa  jre.-Tpo- 
AHiiaMiiqecKoii  KOMneHcauiiii  u  npeACTaersieTcji  Texao.ro- 
rnqecKii  cnOMiiofi. 

riOHCKII  eAKII006p33HH  1!  P.pOCTOTbl  TpaAyiipOBKH  THApO- 
(Jiohod  c  BuccKoft  roqHOOTbto  npiiaerH  aoropoB  K  pa3pl- 
Corse  Hy.resoro  MeTOAa,  ocuoaiiaa  hash  xoroporo  aiia.ro- 
mqua  HAee  Meroja  3reKTpoAHiiaMHHecxofi  KovneiicamiH, 
no  no3Born<T  peaniaosaTb  ee  b  AHanaioiie  aayxoBbix 
qaeror. 

CymiiotTb  SToro  mctoab  cocroisr  b  tom,  qro  KoreSaima 
nbcJoarexTpii'ieexofl  cfioroasi:  mj  AcOcreaeM  aiiysoaoro 
Aaareimii  a  cp<v,3  Top>:i3nTCi;  RbC303.io:%Tpii’i:c>iiiMii  cn- 
A3Mii  aiiyKonoii  qaeroru,  B03!(iiKa:oiun,i:i  a  cCoroq\e  r.ps: 
roAaq*  aa  ee  oCnraAKii  BHcuiaero  nanpn3i:ennM. 


ui.f.«at.«:C4.n 

MoveHT  AocTHKeiiHn  npaKTimecKoA  HenoABHWHocTH 
oOoaohkh,  naxOAsmeftcH  noA  OAHOBpeMCHiiUM  B03AeRcTBK- 
exi  BHeuiHero  3ByKosoro  AaB.iemia  11  ciiyTpeHinx  nbeao- 
sneKTpHiecKHX  cur  —  momcht  Kov.neiicau.m.  —  ao.dkc.’i  ot- 
.veqaTbCH  qyBCTBHTCAbHUM  s<iiAMxaTopo:e  KoreSaTe.ibHbix. 
Ae^opMauHA  oSoaoiki:. 

PaAiiarbHbte  Ae<J)opMauiin  nbeaoKepaM aqecKori  oOo.iomkh 
b  biiab  UH.aaiiApa  co  cbo'o/.mumii  tophsmh,  HaxoAmue.’cn 
noA  B03AeAcTBH«M  3ByKOBoro  AasreiniH  na  napy/XHofi  no- 
BepxiiocTH  h  nbe303rexTpaqecKiix  cur,  oapeAers:oTca  H3 
ypacHeHHB  oCpamoro  nteaoa^eKTa  [G] 


tab  a  —  jfixaHHqcrxce  Hanp.qa«eHi!B  b  oSoroqKt*.  saAaE.re- 
moc  npiirorKcmiwM  3sy::onbiM  AanroHaev;  e  —  vosynb 
ynpyreem;  UK  —  srexTpnqeexoe  HanpnxeeHHe  na  o^x.'ai- 
xax  oSoroqxa;  a  —  Torimiha  oSoroq;-;:;  5  —  nbeaavoAyrh. 

H3  (1)  biiaho,  mto  npii  cooraercrnyioruev  BbiCope  3i»a- 
Ka  h  seriiqaiibi  UK  Ati{iop:i3a.uo  ?io:n*;o  oOpaniTb  e  -Hyrb. 

MexaHJiqccKoe  Hanpp;.xe:iiie  a  b  ctchksx  oOoaotoi  npo- 
nopmioHarbiio  Koj^cJntaaeiiTy  »exaiiu<iecKoA  Tp3Hc^opaa- 
u;ih  rja  (r  —  paaityc  unraiapa)  h  r.oJTOxiy 

r 

a=  ap. 

tab  p  —  33yKoBoe  AaBremic. 

npH  KOMneiicamiH  (|-0)  hj  (1)  noryqacri 

--=6^*,  Hill  p  =  i/x«=»  MU*.  (2) 

t  a  r 

ypaaneHae  (2)  hb.thctch  ypaBHCHMeM  MsroAJi  rparyii- 
pOBKH  rHApo4>0!IOs!  ll33B.1HH0r0  lia.Mi!  MCTOAOM  Hbe30- 
BrcKTpiiMecKo’i  KOMnciieauHit  Oi:o  noi;a3uracr,  mto  a  mo- 
mcht  KOMneiicamiH  aovKonoe  .voAemie  p.  AcficTnyumce 
Ha  oCoroqKv.  nponopuiioiicrbuo  HanpimreiiHio  KoMneiica- 
UHii,  noAaaaeMOMV  ita  ec  jr.'HTpoA'j. 

TamiM  oOpaaoM,  Momciit  KovncncaiiHH  AOcmraeTcr 
no.'6opoM  axinriuyru  11  i{,aaw  aroro  iiaiipn/Xtiiiin  ot 
BHcriHero  HCToqiniKa. 

Kax  biiaho  11a  (2),  xoj^'tiimiej.T  uponopunoMirb'io- 
CTII  M  HI  33Blie.IT  OT  M3CTOTbl  II  P.pllOf.pCT.lCT  CMI.IC.T  no- 
CTOHiiMofi  a.ih  jaimoro  ofipsatn  KOvnencauHom.'oro  npe- 
o6pa30Barern. 

3ra  norroniiiiaH  Mo:i:eT  Curb  onpeA’rena  ncia'iaci'MU'a 
mctoaom.  Kovneiicamiomiufi  ".peoCp.rjOMHTerb  Honor., -.y- 
eica  np:i  rpary;ipom;o  r::rpo|<ono'i.  ,'lrq  oro/o  rpr.ry 
mh *i  nrpc.Jio:i  yerai!a:iri,:"!vTCM  r •. 3 it  Kovne.iea  1 
ro  npeaCp?j033Te.ri  11,  ecru  axyc-:H.'ex-*t  :•••  • 
rnApothoH3  a  MOMe.ir  Koxtnv'icauiM  Aocfaro<i::o  a:.:.-:  -  > 
ero  MyscTBiiTerbiiocTb  oripeAerncier  ,’>3 
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rac  l/  —  Buxo,vioe  nanpBiKcmie  rpaayitpyeMoro  THApo- 
^•oua. 

KcMiiencamiomiMH  nproGpaiouaje.ib  coctoht  hs  anyx 
pjaiia.ibiio  no.inpi{iooa:iiiux  mi-iHiupoa  /  h  3  (<|>iir.  I), 
pacno-iO/KCR-.tux  Koaxcua.iimo.  3a3op  2  xtxay  nn.imupa- 
Ma  aano-iiieir  axycT htcckh  KccTxoii  cpeaoii.  Hapy««uc 
aampoabi  uii.iiiHApoo  cocahkciiu  c  xopnycoM  h  3a3CM.ie- 
nu.  UiMsmapu  ycraHaa.maaioTCH  Mcway  eepxauM  h  hjijk- 
hhm  (paaHiiaMH  Kopnyca  4  iia  npoK.ia.iKax  5.  3th  npo- 
K.iajKii  oGccneHHDaiOT  repMCTH3aa:tio,  axyCTHiecxyio  pa3- 
on3Ky  nnaimapOB  ot  KO.iauaim.i  Kopnyca  H  aauuiTy  Top- 
nos  nn.w:apos  or  bosachctbhh  Ha  hhx  aayxoBoro  aas- 

4CHIIB. 

OaiiH  M3  m.c30Kepav;mccK>ix  nii.iim.apo3  BB.iseTCB 
Hy.ib-opraiioM  (fliieumtm  na  <J>ar.  1),  Ha  xoiopoM  ocymt- 
ctmhctch  KOMneHcamiH  3oyxoooro  aaa.iemm  npu  noaaie 
hi  cro  oCKAa.iKii  HanpH/Kcmm  UK  xoMnencaaim,  a  bto- 
pofl  —  MyBCTBHTe-IbHMM  3.ieMCIIT0M  Hy.lb-HHAHKaTopa  MO* 
MeiiTa  xo.'ineiicamisi,  CBiueTe.ibCTnyioruiiM  o  airHaMiiHi- 
CKOM-paaiiOBecHH  3Byxo3oro  no3icii:TBiiB  n  nbe303.iexTpn- 
HeCKIIX  C1WL 

KoMneHcaniioiiHun  npcoGpaaonaic.ib  paSoiacT  caeayra- 
mnM  o6pa30M.  Ko.ieGamm  iiyab  oprana  no,i  B03AeilcTBHeM 
3ByKOBoro  aaB.ieinifl  n:peaa;oTc«  xepea  npoMewyTOHiibii’t 
CJioft  lyBCTuiiM.iunoMy  a.ieMCHTy  Hyab-HHAiixaTopa,  Ha 
KieKTpoAax  KOToporo,  cneaonaTe.ihiio,  B03H:ixaeT  s.ieicrpi!- 
hcckoc  HanpH»ceiriie.  coHaeTe.ibCTByiomee  o  Ko.icfiammx 
BHenmeii  oSo.iohkii.  Flo  vepe  nonamt  tra  oCx.iajKH  Hy.ib- 
oprana  H3npHWeHim  KOMneHcaumr  stot  chth3.i  yMCHb- 
luaeTCH,  a  npu  Aocni«eHtiH  momchtb  KOvnencaunH  oGpa- 
macTca  b  ,  Hy.ib,  npu  stom  pea.imyiOTCB  yc-ioana  Mema 
nbC303.icKrpiiMecK0’i  xoun;Hcan:iH. 

3xBHBa.ieHTHaH  cxe«a  xovneircatmoHHoro  npeofipa30oa- 
tm«  H3o6pa*srra  Ha  (pur.  2. 


3accb  ni[— tiipi  h  ffij-aapi  —  pacnpeaeneiuibte  uaccu 
HapyjKiioro  h  BuyTpcmiero  mi.imiapoB,  cootbctctbchiio; 

Ci= - H Si~ - —  nx  thGkocth  (r  —  cpe.nmii  pa- 

al  *1  B|  f) 

AHyc,  p  —  n.iOTiiocTL) ;  /nj-*a2pj  —  Marca  npoMcacyTomio- 

l|  fl!  Of 

ro  cnoa,  fTt=  — - kG=-  ,  ■  =  -  — ntfir.ocTi)  npoxie- 

°ifa  Pi  *2  1 

jKyTOHiioro  caoa. 

npu  aanoaneHHH  aaaopa  Jieway  UH.iHiupaMii  tbcpamm 
bcwsctbom  ho«;io  npoueCpem.  rnCKocTbio  C.  onpcac-mio- 
miH  AC$opMamm  no  TOamniic,  a  npu  sanoAticiimi  3naopa 
JKHAKocTbio,  He  cG.iaAaioiaeil  3HamiTeah!iof)  nrGi.ocibio, 
cacAycT  MCK-ifomiTU  H3  cxeMU  ruSKOCTb  gt. 

B  HaiucM  cnyiae  npn  sano.iiieiiHii  333opa  shokchahum 
KOMnayHAOM  —  bckcctsom,  3aK:i«aiotaii»i  npovcJKyTO'moe 
noao/KeH.i:  no  cboiim  McxaHimeCKiiM  napaMeipan  vexfAy 
aiHAXOCTblO  II  TBepANM  TC.10M,  HCOCXOAHUO  ymiTblBiTb  oSe 
niSKOCTH. 

Ka:<  bhaho  in  sxBiiaa.ieiiTHoft  cxcmu,  p-.'KHM  KOMnett- 
(iKiiii  AOCTHracTcn  HC3an>iciiM0  ot  tacTOTbi  n  SHanelinfi 
napaweTpcB  cxcau.  IlpH  KoncrpyupoDJiimi  npeo5pa3o- 
B3TC.1H  npilHHTbi  MepU,  CHIUKatOUlHe  B-IIIXHIle  npOAO.IbHUX 
AecJiopMamiA  Hy.ib-opraiia.  onpeje.iiieMH.x  iite30M0.iy.ieM 
Ha  a.  a.  c.  iiy.ib-iiHAiiKaTopa  (npH  3ano.isieiiiiK 
3aaopa  jKHAxocTbO  liaaoSHOCTb  a  Taxiix  sitpax  omajacT). 

C-ieayeT  saMenib.  mo  npn  KOFie>iH0fi  TO.nmiHc  ii|  creii- 
kh  Hy.ib-opraHa  awpawemie  A-m  noCTommoi'  Af  KOMncu- 
cauHoiiHoro  npeoSpa30Baie.in  yc-ioJKimeTcn.  <t>:i3;iiec;<H 
3T0  CBR38HO  C  TeM,  MTO  npil  HCno.1b303aill!H  toacto'i  oflo- 
•iohxh  Hapyauian  h  BHyipcniifm  noncpxHOCTH  ny.ib-opra- 
na  ko.icG.ikjtch  BtoAKiiaxoBo:  npH  HenoABiiHuiocTii  oamoi'i 
hs  hhx  ApyraH  etae  cooepiuacT  Ma.iue  ocTaTonibic  Ko.ie- 
CaHHH,  Tax  xax  ee  afico-iOTHua  CMeuicmm  aaoiicsT  ot 
acex  Tpex  nbcaOMoiyaeS  fin,  fin  h  Oh  b  ofio.ioixe. 

PacieTU,  CAeJiBSHbie  a  npeAno.io«eHiiH,  hto  ocraiiao- 
AHBaeTca'  rtosepxHocTb  nbeaoxepaMHiecxori  o6o.iomxh,  npn- 
HuxaniaaR  x  npoiiextyToiHOMy  caok>,  npH30A»T  x  c.ie- 
AyiO'HeS  SaBHCHMOCTII  nOCTOHHUOii  M  OT  TO.IUlllHbl  o6o- 

/tcPixa: 


rAe 


Ot»i 


;  v  —  ko3(J4>iiuhcht  flyaccoHa. 


3ra  (fiopMyaa  »ox.i3b!BaeT,  hto  nosepxHocTb,  HcnocpeA- 
CT3eHiio  Bocnpmrevaiomas  3cyxo3oc  naa.iume,  ocmeTcn 
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hecxo.isxo  HeaoTopao/KcKHofl.  Uptt  jiou,  crporo  roBopn, 
CHiiK»eTCft  axycnmecKifi  Hunejanu  KoHnencamioHaoro 
npeoSpaaoBaieao. 

OGaiosxa  Ky.ib-opraiia  jo.iAita  6uib  AOCTSToqiio  toh- 
xoft.  D  iiauiHX  ycTanoaxax  coSnxjjaeTca  OTHoineinie 

-  ‘  <  4  •  !0“2. 

fi 

dKCnepaMCHTaabnaa  ycnaoBxa.  rpajyiipoTxa  n:apo$o- 
hob  hctoaom  nbijOB.iCKTpH'iecKofi  KOMneHcaitKH  npoiiaao- 
Ahtch  no  Aao.ioimio  b  Manofi  xaucpe,  HanoJiHemioii  boaoT:. 
3syKouoe  jaa.iemie  o  xuvepe  BoaSyinjaeTcn  npn  ncvomu 
nbeaoKepaMii'iecxoro  113.1y4aTe.1n. 

KouneitcamioHiiMA  irpeofipaaooaTeA^  omicaittioft  ko:i- 
crpyxunn  npiiMeiiH.iCfi  iiasni  numb  npH  rpajynpooKo  rn.v 
poiJjoiioB  b  Ai'anBaoHe  aacTOT  1 — 500  a/*. 

B  AnanaioHc  Go.iee  bucokiix  qacTOT  naMii  6u.t  iicno.ib- 
soaaii  oCpameHiibift  KOMncHcausiotiHbiii  npeoCpaaooaTe.ib, 
Aaioimu'i  iianGo.iee  axOHo.Miiquoc  peuiemie  bo.ihobux  pa3- 
MepoB  no.iocTii  Marion  Kauepu. 

B  9T0.M  Bapiiame  xoMncHcamioHiiufi  npe06pa30B.iTe.ib 
HB.isieTcn  iieoTteMieMon  qacTbK)  tnMepHTe.ib'toft  xaMepu: 
CTeiiKH  HyAb-oprana  oflpaavwT  es  Goxoayio  noBep.xttocrb, 
a  3iieuiiinA  nbeaoKcpaMiiMecKiiii  UH.umjp  hb  ihstch  qyo- 
CTBHTe.lbHblM  3.1eUCHT0M  liy.lb-IlHJHKaTOpa  MOMCllTa  KOM- 

neHcau.iiii. 

B036yA«Teab  anyxoBoro  AaaneiiHH  ycTauaB-iiiiacTCH 
b  iiacciianoM  GCHOBaami  Kavepa,  oticcnemisaiomeM  Ha- 
Aenuioe  SKpaiiiiponaHiie  iieaaacM.ieHiiux  (Bii«Kim:x)  06- 
xjiaAOK  Hy.ib-iiHAHKaTOpa.  rpajynpycMu/i  rnjpn^oH  3a* 
Kpen.iHeTCH  b  uetiTpaatHoM  OTbepcTini  KpumKii  KiMepu, 
KoTOpaa  na  aMopTU33UHoiiHov  yn.iOTHeiniii  aaxpuaacT 
6-iox  nbeJCKepa.MiinecKiix  mi.iiiH.ipoa  h  repMeT;i3i:pyeT 
BKyrpcHino'ia  nonocTb  H3MepiiTe.ibiiofi  xasiepy. 

JlHHeiinue  pa3«epu  xaMepu  no  ii3BecTHUM  (JiopMy.iaM 
m  paccmiTbtaaxiTCH  Tax,  htoCm.  pajita.ibHm’i  pesouanc 
no.iocni  Bcerja  Haxoju.icji  Buu;e  npojo.ibnoro 

Onur  Jioxaja.i,  mo  pacnpejc.ieniic  AaB.ie.'ina  no  sucoTe 
H3MepiiTe.ibHou  xaMepu,  B03imKaioutee  c  noBume.iiieM  qa- 
ctotu,  npaKTiiqecxH  0Ka3uaacTCH  npeHeOptixiivuM  jinujb 
Ao  qacTOT  ~0, 1//. 

np:.  rpaayiipoBKe  rHApotJjonoo  na  6o.iec  bucokiix  qa- 
CTOTax  hcoC.xojiimo  ymiTtiBaTb  ncpaBiioMepHOCTb  3ayxoBo- 
ro  Aao.icHiin  no  a-thiic  x.iMepw. 

CiiMMerpii'iiiwfi  xapaxrep  Kpmurx  pacnpcae.ic:i;in  3By* 
xouoro  juu.ichmi  nojao.McT  npoiuuoAiirb  rpajyitpouKy 
b  xaMepe  CHMMeTpnmiux  no  xoncTpyxmw  ni.ipoiponoB, 
aamiMaiouuix  3naqiiTe.ibiit.ifi  o6t>cm  inMepHTe.ibiiofi  xave- 
pu.  iipn  yc.Tonn  11  cooMcutciiiiH  n.TocKocTefi  aKycTiiqccyoil 
cuMMcrpjuii  KOMncHcauiioiiiioro  npeofipaaoaaTe.iH  ti  rpa* 
Ayupye.Moro  m.ipotJ>ona. 

Hc.io  a  tom,  hto  KOMneHcamiomiu’i  npco6;ia30Bare.ib 
H3MepneT  cpejnee  AaB.ieiuie,  AciieTByiouice  Ha  noucpxnocTb 
iiy.ib-opraua,  11  tyiicTaiire.isHOCTb  ero  x  rpa.niciiry  jaa.iv 
min  ueci.Ma  M.i.ia. 


1  n.iorxjciho  axyr  rnHi-  <  ft  ciiwucip'.i  of.p  i  i  ro  komti  h- 
caunoHMoro  np**«6p  130:1  ire..  \  riu,'- j  wa  hu:j:hovi 

a  KvaTOptiA  Kr>Mr.t»ltf  HO)  K/T.  *  OT'C.IOI'CMH  X 

3 11)  K'Jli'  f  O  OT  CpC.TlK  fO 


Ecs.h,  sax  9To  CunaeT  oCumio,  «CHanp3B.ieHHiiA  rHjpo- 
4>oh  ofi.taAaeT  TaxiiMu  we  HiiTerpiipyiomiiMii  CBoficTaaMii, 
to  rpajyxpoBKy  oxaabisaoTcfl  bo3mowhmm  npoH330AHTb 
h  nPH  Ha.iiiqtm  3axeTHoro  boa.hoboto  pacnpeae.'CHiiR 
AO  —  0^8  fi,  KorAa,  CTporo  roBopa,  xaMepa  ywe  lie  mo- 
weT  curraTWH  xa.ioft. 

OrpaxAeime  ua  npo3pamioro  oprcTex-ia,  ycTaiiOB.iemioe 
Ha  xpunsKe,  noaBo.iaeT  npoiiaBOAHTb  repMeTHsamno  no.io- 
cth  H33cepnTe.ibH0fi  xaxepu  noA  caoCoAiioft  noBep.XHOCTb» 
boau.  cIto  npocToe  ycrpoficTBO  oOecnemiBaeT  aanonneHiie 
IIOAOCTU  BOAOfl  6e3  B03AyUIHb)X  nyJUpbKOB  B03Ay.xa,  HTO 
Heo6xojsiMo  a.th  npaBH.ibHofi  paC-OTU  ycTaiiOBXii. 

Ham  onuT  noxaaa.i,  kto  Mexaiiimecxne  xoiicTpyxTHBiiue 
pesoiiancu  ciicTeMU  woryT  OuTb  BbHiecciiu  3a  npeAWU  pa- 
Oonero  jnanaaona  qacTOT  rpa>iyiipon:;n  ao  qacTOTU  5  xvi{. 

B.iox-cxeMa  H3MepiiTe.ibH0H  ycTauoBKii  npeACTaB.ieHa  ua 
4>itr.  3.  riupoaKycTimtcxaH  qacTb  ee  npejCT.iB.ien3  iiiMe- 
piiTe.ibHOi'i  xauepoii  /,  oniicaiiHofi  bijuic. 

3Byxoaoe  AaB.ieiuie  b  xawepe  BoaOywjaeTCH  n:>e30Kepa* 
MuqecKnx  H3.iyqaTe.icM  3.  nuratMusi  ot  reiiepaiopa  s.ick- 
TpiiqecKirx  Ko.ief  ainifi  2.  Ot  3toto  Ke  renepaTopa  >iepc3 
4>a3oapari2Te.ib  4  Ha  nyab-opraii  KOMnencauaomioro  npe- 
oOpajoBJii.iH  5  nojaeTCH  iianpaweimo  Uu  KOMnciicamui. 
HanpHweHiie,  CHHMacMoc  c  9-ieKTpojoB  qyBCTniiTc.ibiioro 
3-ieMCiiTa  Hy.ib-mi.iiiKaTopa,  qepea  ycii.iiiTt.ib  6  iiojaetca 
Ha  ocuiM.iocxon  7,  nB-iinomnikn  Biijya.ibiiUM  mijaK.iro* 
POM  MOM3HT3  KOMneHCaUIlll,  KOTOpUH  onpeje.iHcTCH  no 
Hcqe3HoseHHK>  ciiHyconja.ibiioro  ciirna.ia. 

B  ii3KepiiTeJibrto;1  ycTaHcsKe  npcjycvoTpeno  :;en;cp;j- 
CTBeHHoe  ii3Mcpcii!ie  qyBCTBiire.ibiiocTii  rpa.iyiipyeMOro 
THjpoiJioHa  r  (a  momcht  KOMnencamia)  no  aTTCHioarc* 
py  8,  OTrpajyiipoBaHiioMy  b  CAiiHimax  qyDCTDHTe.ibHocTH 


3tot  3TTeHK)aTop  H3vcpaeT  OTiiomeHae  Hanpawciiaf: 
u  1  „ 

77“  c  yqeTOM  MacuiTaCa  ■.  JIih  stoto  aTTeaioarop  ci.no- 
Uk  M 

waeTca  Aono.iiinre.ibiiuM  Ae.TiiTc.ieM,  oGpaiooaHiiHM  co- 
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npoiiio-iciiiicu  R  h  bxoaiimm  conpo:  iib-iciihcm  mcmoaTO- 
pa.  Coapoiiinacimc  R  nbifl’ipaeren  no  bmiimiihc  Af  am 
jawi.iii  Kawcpu  Tax,’  mtoOu  npu  paecncTBe  bwxoahwx 
HaapxiKciisiS  rpaayiipycvoro  rn.ipo<J>ona  it  arrcuioaropa 
ac-icwie  <13  ahmCz  nocaeam.ro  aaoaao  oicscr  hj-bcibh- 

1C.1IB0CTH. 

Cpaniiciiiic  nuxoaiibix  iianpxxiCHiiH  npoinso.niTCB  bh- 
jya.ibiio,  na  jKpane  oci(ii.i.iorpa<j>2  //,  Kya.a  ohii  noaamcx 
noo’iepcaiio  npa  noMoulsi  nepctfaw'iarcan  9  <icpc3  npeaBa- 
piiTc.ibiiuii  yciuiiTC.il>  10. 

Bbixoanoc  naiipHJKciinc  rpaayupyeMOro  rnapoifona  3a- 
noMiinacTcn.  a  3a rev  npii  noMomit  aTiemoaTopa  na  jxpa- 
hc  ocuii.i.inrpaijia  ycTaiiao.iiiBacTcii  Taxoe  jkc  Hanpime- 
mho,,  npu  KOTopov  it  CMiiTMBacTCB  3H3MeHiie  hckomoA 
nyBciBiire.ibiiocTii  rHApo<poiia. 

Bwcokoc  bxo.hioc  conpoTiiBaemic  (iic  mciicc  300  Mom) 
npiiMeiiciiiibix  ycH.iHTcaoH  no3BomcT  b  anana30iic  ia- 
ctot  1  eif  —  5  tun  no’yMaib  am  noaaB.isnowero  6oJib- 
uiiiHCTBa  nbe30KcpavH>iccKHX  ruapoi})oiioa  ByBCTBiiTe.ib- 
nocTb  r.paKTiiHccKH  n  pcWHMe  xoaocroro  xoaa. 

OciioBHue  BKCnepHMeHTa.ibiibie  peay.ikTaru.  Oueiixa 
tohhoctm.  0yHjaMeiiTa.ib;iUM  am  Mcroaa  nbcaos.icKTpH- 
hcckoA  Kovncncamm  HB.meTcn  SKcncpiiMCiiTa.ibHoc  onpe- 
ac.icmic  nocTomiiioft  Af  Kovnencannomioro  npeo(Spa30- 
BBTC.m. 

3ia  nocrofliuian  BbipawaeTcn  OTiiouicimexi  aaBaenim  p8 
k  HanpnjKcnmo  t  HeoCxoaHvoxry  am  KovneHcatimi  sto- 

ro  janacinin.  t.  e.  Af  =  tL  h  onpeaemeTcx  CBOflcraaMR 

*  K 

nbesoMarepita.ia  ii  KoiicTpyKmie.'i  npcofipaaOBire.in,  He 
3aaiiCHUtiiMH  ot  qacroTM. 

’  ripiiHUiinHaabHo  Af  vower  ObiTb  onpcacaeHO  B  CTatn- 
necKOM  pewiiMe,  ho  am  nbC303.iaKTpiiqccKHx  npeoCpa- 
30Bare.iefi  yaoOnce  saaaBaTb  nepeiueHiioe  aaB.ieiiHe  p*. 

Mh  Hcno.ib30aa.iH  a m  stoto  niapocTar.iMCCKOe  B03- 
CyJKaeime  [8],  npu  Koropov  ncpevcHiioe  riiapocTaTHaecKoc 
aaBJieiuie  b.  boac  coaaaercH  nyTCM  nepuoasiMecKoro  hjmc- 
hchhh  yposHH  cnofiojiiofi  nonepxHOCTn  whakocth. 

rio-iocTb  H3.vopnrcAbHoft  Kavcpu  /  (4>iir.  4)  noepea- 
ctbom  rnCKofl  TpyOKH  2  cooCmaercjt  c  aonoflHHreabHbiM 
OTKpUTUM  COCyaOM  ?,  yCTaHOBAeHHblM  lia  BIlCpOCTO.IH- 
•ce  4,  coBeptuaioiueM  CHHycou.ia.iwiue  Ko.ieCaimH  no  Bep- 


THKa.iH.  Bex  cucTcxa  3ano.iHneTcn  Boaoft  h  Haqa.ibnoe 
rHApocTatimccKoe  aanaeniie  onpcae.mcTCH  noaowcmiCM 
CBoOoanoro  McmicKa  b  otkputom  cocyac.  B  TaxT  ko.icOd- 
hhhm  cBoCoaiiofi  noecpx/ocTii  hxmciihctch  rnapocTaTii'ie* 
choc  aaBACHiie  ffl^pghsinat,  nponopmiOHa.ibttoc  KO.ic6a- 
Te.ibHovy  cvemcmuo  (p  —  moniocTb  boaw,  g  —  yexope- 
hhc  CH.iu  TxntecTH,  h  —  avn.mryAa  KO.icCaTc.ibiioro  ewe- 
menus). 

MacToTa  Ko.ieCamiH  B;i0pocTO.iiiKa  BuOitpa.iacb  aocTa- 
to *tiio  hh3koh  (0,3— 0.4  eq).  mtoOu  B.iunHiieM  niicpmioii- 
ttux  cn.i  b  Kaie&iraucAcn  ikiiakocth  mojkuo  6u.io  npe- 
HcOpcMb  H3-3a  Ma.iocTH  KO.icCaTe.ibiiux  ycKopcHiift. 

AvnaHiyaa  k  Koae6anitft  o  RainHx  «3McpeniiRX  cocran- 

pi  I9G 

anaa  2  cm,  h,  c.ieaoBaTe.ibiio,  Af  «=  «=  — -  hIm*. 

U* 


HanpxHceKite  KOMneiicamiH  (/®  H3Mepa.iocb  BOAbTver- 
poM  Bucoxoro  K.iacca.  OnuT  noxasa.i,  mto  npu  iicnaibao- 
BaHiiH  nupecTaTHxecKoro  BosCyaKTem  norpeuiHOCTb  on- 
peae.ieHiix  Af  cocTaamcT  ao.iH  npoueura  v  woncct  pac- 
cMaTpHBaibca  Kax  neHciutiOMcnHuA  ocTaTOK  CHCTC.waTHMC- 
ckoA  norpeuiHocTii  rpaayiipOBOHHoft  yCTaHOBKit. 

IfHTepeCHO  B  3T0H  CBR3H  OTMCTHTb,  MTO  nOBTOpHUC  . H3- 

iicpeiiiiH  Af.  npoBeaeHnuc  Mcpcs  roa,  aa.iH  Bapiiamr.i  sroft 
BenuHiitibi  Tax>Kc  b  npeae.iax  1%,  mto  CBiiaeTCAbCTaycT 
o  ec  bucokoTi  BpeveHHoii  CTaOHXbHOCTH.  B  cayqae  npu- 
MeiieHiin  b  Hy.ib-opraiic  nbe30KepaMHKit,  CBoftctoa  koto- 
poA  3BBHCHT  ot  TewnepaTypu,  rpaayiipoBxa  rHapo4>oiioB 
MeToaOM  nbe303.ieKTpH<rccK0fi  Kovnciicamm  aonuma  npo- 
BoaHTbCR  npu  Toft  Tevnpparype  coau,  npH  Koropofi  6uaa 
onpeae.iena  nocroanxan  Af. 

Ran  omiCLiBaevoil  Kavcpu,  coOpauHofi  na  TeMnepaTyp- 

h/m* 

HO-CTa6iiAH3;ipoaaHiiofi  KepaMHxe,  Af— 185,7 - . 

8 

Paavcpbi  b  HyTpeHHcft  naiocTH  3toi*i  ii.iMcpiiTe.ibiiOH  ka- 
wepH.  (A'laverp  —  78  jmi,  Bucorn  105  mm)  no3BO,m.m 
rpaayHpoBiTb  b  hci'i  HciianpaB.ieHHtie  ruapoijioiibi  c  pa3- 
wepaMH,  He  npeabiuiaioinHMii  50  jujm,  ao  MacTOTM  5  kch. 

Bii6poii3o.iiipyKmuie  npoic.iaaxH  na  Topuax  nbC30Kcpa- 
MHMCCKoro  6.ioxa  npaKTHMecKii  noaiiocTbio  oOecncMimaioT 
«pa33H3Ky»  rpaaj’HpycMoro  mapotjioiia  ot  KO.ieOamift 
Ko»:nciicamioHHoro  npco6pa30BarM.M  (cTenox  Kavepti). 
3to  npoBepmiocb  6cj  Boaw  npH  noaaie  ncpewciiHoro  Ha- 
npH/KemiH  na  B03fiyaHTMb  (ao  100  e)  h  na  bacxtpoaw 
Hy-ib-oprana  (ao  10  o);  CHma.i  c  niapo^oHa  OTcyrcTBo- 
Ba.i.  B  paCOMe.M  anana30He  MazTOT'  Hanpaweime  KovneH- 
CaUHH  C0CTaB.1H.10  KeCKO.IbXO  BOAbT. 

Hcno.ib30Baiuie  Mexa»H3Ma  nbC3034>4>CKTa  peaaiiaycT 
HCKAKJMHTe.IbHO  BblCOKyJO  MyBCTBHTC.IbHOCTb  KOMneHCailli- 
oHHOro  npco6pa30BaTe.m  k  ae^opMaminv,  oanaKo  cro 
MyBCTBHTeAbiiocTb  x  aaMeHiuo  aewaaa  b  npeac-iax 
MKI 

20-60— 

h/m * 

nPh  MacTOTe  Bbiuie  1  kh;  HeoSxoanMo  6u.io  yCeAiiTbcs 
B  COOTBeTCTBlIH  3ByxO3Or0  H0.1H  B  KaMepe  TeOpCTlIMCCKHM 
npeanocbi.iKaM,  o6oc:iouM3aiou(iiM  aonycTHvocrb  rpaayn- 
poBXH  THflp0({>0H0B  B  yCAOBHHX  B03M0HH0.*!  HepaBHOMepHO* 
cth  asyKoeoro  aas.ieHiiH  no  a-inne  Kavepw. 
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Oht.  5 

Oht.  7. 


npH  notioiUH  MHHiiariopHoro  ciJiepHMCcKoro  THApo^oHa 
c  saaeAOMO  noCTOHHHcA  wyBCTBHTe.ibHocrbto  Ca.io  Hsae- 
pcHo  oTHOCHTeibiioe  Ha.Mciieiiiie  AaD.aeHiist  npw  novetneHiiK 
niApo({)OHa  b  paj.niiMHux  Towxax  no  A.iHiie  Kaxiepu  hb 
nacTOTax  I;  2;  3;  4;  4,'.;  5  icaif 
no.iyqeHHue  TaxiiM  o6pa30M  SKcncpiiMCHTa.ibhue  kPh- 
aue  pacnpeAeaeHHR  aeyKODoro  AaajieHiiH  no  AAime  Ka.vie- 
pu  npeacTaB.ieHu  na  <t>nr.  5.  Ilo  aepTiiKa.ibHOfi  och  omo- 
jkbhu  HaMepemiue  aHaxemin  AasacHiin,  b  no  ropnaoHranb- 
hoA  —  no-ioHcemie  MKHiianopiioro  riiApo^ona  OTHOciiTMb- 
ho  naocKOCTii  aKycTimecKofi  ciiMMeTpim  k3mcPh. 

9th  KpHBue  b  Ananaaoiis  nacTOT  ao  5  Keif  yAooneTBo- 
pHTe.ibiio  cor.iacyrarcB  c  pacneTiiuMH,  b  hx  AocTaTomcaa 
CHMMejpilHKOCTb  OTIIOCHTe.lbllO  n/lOCKOCTH  CHHMeTPl!H  no3- 
ao.nier  cmiraTb  npaKTimecKH  KOMncncHpoaaiiHofi  iicpas- 
Ho.McpHocTb  pacnpejeJeiiHfl  aDyKOOoro  Aaa.icHiiH  Ha  no* 
BcpxHOcTH  rpajynpyeMoro  rnapo<}>oiia  cpaaimre.ibiio  6o.ib- 
uioro  paaMvpa. 

Ha  tt>nr.  6  npuneAeiia  HacToriian  aaBiicii.MOCTb  anyKODo- 
ro  AaBAemw  p,  eoaCywaaevoro  b  ii3Mcpi>TCAbiioft  ksmc- 
pe.  ypooeiib  asyKODoro  aaB.ieitHH,  H3M epenmjfi  nPn  no- 
Mown  KOMncHcamiomioro  npcofipaaoDaTe.m  npH  poctohk- 
ctbc  HanpHwciiiiR  Ha  aamimax  BoaCyAiiTc.iH,  cyuiecTuem;o 
HaMeimcTCH  a  aamicHMOCTH  ot  sacTOTti  BoafiyxuoiiitH, 
OAllaKO  nPH  3TO.M  xyBCTOIlTCAbHOCTb  E  rHAPo4>0!ia  uCT3- 
sa.iacb  .ihhcAiioA,  hto  CBiiAere.ibCToyeT  o  npaoii.ibiiocTH 
Hasiepemm  anyxoaoro  Aan.icmiH  mctoaom  nbcaoa.ieKTpnse- 
ckoA  KOMneiicauaii,  hccvotPh  Ha  inMcnomiH  bo.iii<ih:ili 
anyKonoro  Aatnemm. 

Oiu’iiKa  norpoujiiacTii  nponxiiiaacb  axcncpiriciranbiio 
nyTCM  MiioroKpariiMx  rpa.iynpoBOK  riunoifiouoo.  Ona  can- 


AeTeabciByeT  o  buco::oA  BocnponaBOAHMOCTii  pcay.ibTaToo 
HaMepeMHA. 

B  KaxecTBe  npimepa  a  BopxHeA  Macro  (}>iir.  7  npi!3«e- 
na  Macroroan  xapaKTepncTitKa  HyncTniiTe.ibiiocTii  c<J>epii‘ic- 
CKoro  raApoiJioiia  iia  KepaMmcii  TiiTmiaTa  6ap;m  ahumct- 
poM  50  mm.  KajKABn  ToxKa  na  rpai}>iiKC  B3HTa  ksk  cpea- 
Hee  Ha  AecfiTii  luvepeiimi.  MaxcitvaabiibtA  pa36poc  aiian.-- 
hhA  Ha  oTAe-ibiibix  (J)iikch posaiiHux  HatTOTax  b  aiianaxnMC 
I  &4  —  5  kii{  AOCTHra.i  0.8  do,  cpeAiieKU3Ap3TimccK3H  ::o- 
rpeiuHocTt  p«A3  ;i3Mcpemifi  .icwa.ia  b  npe.ie.Tax  3%. 

B  tUlKHCft  M3CT1I  370T0  rP>3(})IIK3  npMDCACIlU  XaCTOTUU* 
xapaKTepacTiiKii  MyBCTBHTc.ibiiocm  m>c30KcP3\iimeeKoro 
niApoi}>OHa  mutitupiriccKofi  $op.uu  (.ma'.ierp  12  at.it,  bm- 
cora  22  j«.h). 

B  Ananajone  20—300  et{  rpaAyiipooKa  (otmcmcho  nepe- 
HcpKHyrvMH  KpywKawii)  npoinnoAHAacb  mctoaom  nti.30- 
SAtKTpiiwcKofl  Kosneiicanim  B'cTa.ibiioM  Case  (nnaMCTp 
150  mm,  A.THH3  200  .h.h)  c  doaoA.  K>Aa  noMviua.icfi  h  kom- 

(H/m: \ 

M  =  157,5  | ,  ii3ro- 

TOB.ieHHMA  B  B1IAC  OTACAbllOTO  y3.13  (CM.  1).  B  AI13- 

.R330Hc  xacroT  20  5  rpaAyiipouKa  npoiiauoAii.iacb 

mstoaox  nbeao3.iCKTpimccKO’i  Kounciicaumi  d  Ka'iepe  c  c5- 

pamciiHVM  KOMnciicamioiiHUM  upcoOpaaoaare.iiM  ( A'ta- 
mctP  78  .•?.«,  A.iinia  105  mm.  IS3.7 

HeCMOTpfl  113  TO,  MT3  3TII  A!)'.'  yCT.'|]IOnx',l  C>  i:*  '  'T.Ti.-’  )'0 

pa3.iimamc>i  vcway  co0»fl  no  KJiicipysw:*:!  K.r.:cp.  k  )'!• 
nc'icamio.iauMH  npeo6paao:>aTc.inv;i,  a  raxrxc  no  ^.iwesi- 
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tjm  Hi«<p*rcabiioA  qacra  (h  b  btoh  cmucab  Moryr  cmi* 
taruM  iicj.iaiic;i»uMH),  pcay.ibiaru  rpanyupooxii  riupo- 
ijioaa  »a  oflonx  ycranooKax  npaKTiinccKH  conna.m  (b  npe- 
nc.iax  3%). 

Xopoiuaa  cor.iaconaimocrb  CBiiAcrcabCTBycT  o  npaan.ib- 
M’iCiH  iiiMcpciiHfl  ‘lyBCTDiite.'biiocrH  mciojom  nbeaoj.aeK- 
ipii’iccKon  KOMncncamiii. 

I  la  ocpxiicM  koiiuc  lacroTHoro  Aitanaaona  pc3y.ibTaru 
rpaayiiponKii  uctoaom  nbcaoaacxTpimccKoA  KOMnciccamui 
coraacviorco  (a  npoAcaax  0,5  d6)  c  pcay.ibTaTaMH  rpa- 
AyMpoBKii  iienanpaB.ieniioro  rHApo$OHa  He3aanciiMbiM  ue- 
T<U0M  BsaiiMUocTii  b  cDoCojiio.M  noae. 

rpajyiipoBxa  iienanpaBaemiux  rHApoiJioiioe  c  paaMepa- 
mii  Mdice  10  mm  MctOAOM  nbcaoa/ieKTpHiacKoA  xoMneiica- 
mm  Cum  npooeAcua  lia  lacTOTax  ao  23  iui{.  Ha  hcxoto- 
pux  yiacTxax  lactonioro  AHanasoHa  auuie  5  usif  M3Me- 
pcmm  OCAOWIIHAIICb  MCXaHIIISCKHMK  KOHCTpyKTHBHUMH  pe- 
JOliailUMH  CHCTeMU  H3MepHTCAblloA  KaWCpbl,  KOTOpbIM 


coOTBcrcTayioT  xapaKTcpiito'c  ncxaMeHim  Ha  lacromoA 
xapaxTcpnciHKc  rpaayiipycMOro  riiApofoiia. 
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